Introduction
Father of thermodynamics, Sadi Carnot said that "don't do any experimentation on power plant cycles unless theoretical analysis". Kalina cycle is a thermodynamic cycle, produces power utilizing binary mixture as working component. A well-known Kalina cycle according to Ibrahim and Klein [1] produces more power at a very high thermal capacitance ratio. In Rankine cycle more than half of the heat transfer occurs during the boiling process which is considered as constant temperature boiling process. In organic Rankine cycle (ORC) utilizing isopentene as working fluid, isopentene boils at a constant temperature under a given pressure. In ORC the theoretical efficiency and cost/production ratio are less. Kalina cycle has got large improvement in thermal efficiency, large reduction in cost, no combustion system, equivalent or lower capital costs, no major modifications to equipment used in conventional power plants, greater flexibility in operation, and no vacuum maintenance requirements. The invention was started in 1988 and the first construction started at 1990 in Canoga Park, Cal., USA [2] . First geothermal power station was started in 2000 at Husavik, Iceland [3] .
--------------In current work, the operational conditions for a Kalina cycle system have been developed with heat recovery at high temperature range (250-600 ºC). The plant under this study can be operated by a waste heat, solar concentrating collectors, diesel engine exhaust, gas turbine exhaust or cement/steel plant waste heat, etc. Heat is added in a combined boiling and separation process at a variable temperature. Heat is rejected in a combined condensation and absorption process as well at a variable temperature. Ammonia has a molar mass of 17 and steam has the molar mass of 18. Therefore steam turbines can be used with minor modifications in place of mixture turbine. The mixture properties are more complex, usually three independent properties are needed for the calculation of thermodynamic properties of mixtures. Therefore the cycle is more flexible and to be closely optimized at the energy source (i. e., solar, geothermal, exhaust of IC engines and gas turbines, etc.). Heppenstall [4] identified Kalina as a bottoming cycle and showed better performance compared to steam bottoming cycle. Thorin et al. [5] developed correlations for thermodynamic properties (temperature, pressure, volume, enthalpy, and entropy) of ammonia-water mixture which play an important role in calculating the performance of the power cycle. In Kalina cycle, the ratio of exergy loss with the net generated power was less compared with the Rankine cycle as per the Srinophakun et al. [6] . A comparison between Kalina cycle and ORC were made by Dippio [7] and concluded that among the binary plants, Kalina cycle generates 30% to 50% more power for a given heat source. Borgert and Velasquez [8] developed a Kalina cycle as a bottoming cycle for a co-generation plant by reducing the exhaust gas temperature from 427 K to 350 K. Mirolli [9] concluded that the distillation condensation subsystem technology is a key component for the high efficiency of a Kalina cycle plant for waste heat recovery power plant applications. Minea [10] stated that the Kalina cycle may produce power in the future especially with industrial waste heat and biomass. Wall and Ishida [11] , Srinophakun et al. [6] and Wang et al. [12] solved the Kalina power cycle at high temperature heat recovery. The current work develops the new and simplified methodology compared to the reported solutions.
The main objective of the present work is to develop the best operational conditions to run the plant at high efficiency levels. The work also formulates the plant without iteration of configuration for parametric variations. Marston [13] carried out a parametric analysis for a Kalina power cycle with gas turbine exhaust's heat recovery and iteration has been carried out to the cycle loop with the initial assumption of separator inlet concentration. With this iteration, the separator inlet concentration becomes dependent and calculated after getting the consistency of the iteration. Similarly, Nag and Gupta [14] also solved the iteration with the initial assumption of vapor fraction and got the separator inlet concentration. These solutions have no flexibility on selection of separator inlet concentration or vapor fraction. The current new methodology allows selecting the separator inlet concentration without cycle iteration. So, present work develops more flexible solution compared to the published method.
Thermodynamic analysis of Kalina cycle
Following are the assumptions used in the assessment and analysis of plant. Atmospheric condition is taken as 1.01325 bar and 25 ºC. Hot source temperature is 500 ºC. High pressure (HP) is 100 bar. Terminal temperature difference (TTD) at heat recovery vapor generator (boiler) inlet with respect to the collector's hot fluid is taken at 10 ºC. Pinch point (PP) in boiler is 5 ºC. Approach point (AP) in the boiler is 10 ºC. The isentropic efficiency of solution pump and mixture turbine is considered as 75%. The mechanical efficiency of the solution pump (η m,p ) and mixture turbine (η m,t ) is taken at 96%. Electrical generator efficiency (η ge ) is taken as 98%. The condensate leaving the condenser and absorber is assumed as saturated liquid. Pressure drop and heat losses in pipe lines are neglected.
The Kalina cycle considered in this work is suitable for high temperature heat recovery and shown in fig. 1 . The working fluid, ammonia-water mixture is vaporized and superheated in heat recovery vapor generator (HRVG) before expansion in turbine. The superheated vapor (13) is expanded in the turbine (14) to transform its energy into useful form. The generated spent stream is then cooled in a HE 2 (15) and diluted with a weak solution (4) from throttle valve. A stream with a high concentration of ammonia, at the turbine outlet stream, cannot be condensed by cooling water of a normal temperature, since the high concentration of ammonia would result in a very low condensation temperature at the pressure level in the condenser. Therefore, the mixture concentration after dilution rises to condensing temperature and condensed in the absorber. The condensate pump increases condensate (18) pressure and passed through a splitter resulting in two streams. One of the two streams (20) is passed through the HE 1 and HE 2 recovering heat and admitted in the separator. The other stream (19) is mixed with the ammonia-rich vapor (6) from the separator to restore the working mixture concentration. From the separator, the stream (1) is separated to enriched vapor (5) and lean liquid (2) . The ammonia lean liquid gives up heat in the HE 1 , then throttled (4) and absorbs the working mixture stream (15) from the HE 2 before condensation in the low-pressure condenser. The other stream is condensed in the condenser (8) , pressurized in a boiler feed pump (9) and sent into the boiler via HE 3 . The economizer, evaporator, and super heater sections of HRVG supplies super heater vapor to the vapor turbine. The real focus of any power cycle is to increase the cycle efficiency by reducing the losses. Reduction in losses results an increased actual work.
The Kalina cycle has been solved at one kg mixture at the turbine inlet. The properties and mass flow rates around the loops are calculated by mass, concentration and energy balance equations. In the separator, liquid and vapor mixtures are separated. The absorber exit Let mass flow rate at the turbine inlet, m 13 = 1 kg/s. The intermediate pressure (IP) has been calculated from temperature and concentration at state 8. The liquid concentration (x 2 ) and vapor concentration (x 5 ) can be determined at separator pressure (IP) and its temperature. These three concentrations results vapor fraction (mass ratio vapor to total mixture). At separator, out of one kg/s of mixture, F [kgs -1 ] is the vapor portion and (1 -F) [kgs -1 ] is the liquid portion to be separated. After applying lever rule for separation process: Figure 3 simplifies the complex nature of Kalina cycle configuration into simple loops to solve the unknown mass at unit mass of turbine flow rate. The concentration at 1 and 13 are fixed and the properties at other points (2, 5, 17 and 19) are calculated.
Using expressions in eq. (2) we obtain: 
To find m 1 , at the separator, we use ratio:
Substituting m 2 from eq. (3) and from eq. (1):
To find m 19 at the splitter, from MXR 2 , we use ratio: 
From eq. (7) and eq. (9), m 1 and m 19 can be determined from x 1 at fixed mass, m 13 and concentration, x 13 as others are function of x 1 . At MXR 1 dilution of vapor takes place with addition of m 4 . Therefore x 1 should be less than x 13 . The concentration difference (turbine concentration -separator inlet) has been varied from 4% to 20% in steps of 4% for parametric study. Based on this concentration difference, x 1 can be determined.
Hot fluid exit temperature from the collectors: 
-Net output from Kalina cycle The solar collector area and cost evaluation details, reported in the literature by the authors have been considered for the high temperature heat recovery Kalina power system [15] . Solar plant energy efficiency: 
Results and discussion
The performance of high temperature solar thermal power plant has been investigated parametrically under variable operational conditions. The influences of the key parameters i. e. separator concentration, separator temperature, turbine inlet condition (pressure, temperature and concentration) and solar radiation have been examined on the plant configuration. The parametric study has been conducted aiming at the maximization of the efficiencies and specific work.
Figure 4(a) shows the effect of concentration difference (4-20%) and separator temperature (60-100 ºC) on separator vapor fraction and LP. Turbine concentration has been selected as 0.75 because, it allows more variation in separator concentration and it is maintained below turbine concentration. The concentration difference is the difference in concentrations of turbine and separator inlet. From the difference, the separator inlet concentration can be obtained which gives the vapor fraction after finding the IP. The maximum possible concentration difference is found as 0.2 and 100 ºC of separator temperature. LP is changed from 5.5-9 bar and vapor fraction from 8-65% with the variations in separator concentration (by difference) and temperature. The vapor fraction decreased with increase in concentration difference (decrease in separator concentration) and increased with an increase in temperature. A raise in separator temperature decreases liquid and vapor concentrations with a rise in dew point temperature. The LP is evaluated at concentration and temperature at absorber exit. The absorber exit concentration is equal to the separator inlet concentration. Since there is no change in separator inlet concentration and absorber outlet temperature, the LP is constant irrespective of changes in separator temperature. The LP is decreasing with an increase in concentration difference (i. e. decrease in separator inlet concentration). The decrease in concentration also decreases vapor portion in separator. At concentration difference of 20% (turbine concentration of 75% and separator concentration of 55%), LP minimizes to 5.5 bar and results 8% of vapor fraction.
Figures 4(b) and (c) show the variation in solar plant thermal efficiency, cycle efficiency, and specific power with the effect of separator concentration and temperature. Under specified limits of operating conditions, the plant results 5.8-7.2% of solar plant efficiency, 17.5-22.5% of cycle efficiency and 480-550 kW of specific work output. The plant efficiency and power output rises with an increment in the separator temperature and concentration difference. That means the plant demands high separator temperature with lower separator inlet concentration. The efficiencies are increasing in increasing order with an increment in separator temperature. But the specific power increases with a decreasing order with the separator temperature. Due to decrease in LP, there is a more expansion in turbine and this causes an increased performance in efficiencies and specific power. Marston [13] reported 32.5% cycle efficiency at a heat source temperature of 500 ºC. The current model results 22.5 % at 500 ºC. The current model shows low efficiency compared to the reported value due to difference in sink value and also the assumption of 75% turbine efficiency against the 90% efficiency of reported results. The literature values are reported at 15 ºC sink temperature, the present values are developed at hot climatic conditions. The increasing trends of cycle efficiency with separator temperature are matched with the Marston [13] and Nag and Gupta [14] results. Figure 5 (a) shows the effect of concentration difference (4-20%) and turbine concentration (0.5-0.8) on vapor fraction and LP. The maximum concentration difference is found as 20% and 0.8 maximum turbine concentration. With the specified variations in concentrations, the resulted LP change is from 1-10 bar and separator vapor fraction varied from Figures 5(b) and (c) show the trends for efficiencies and power at various concentration differences and turbine concentrations. The efficiencies and power output trends are in opposite compared to the vapor fraction and LP variations. The vapor fraction and LP maximizes at high values of concentrations (separator inlet and turbine inlet) whereas the efficiencies and specific power outputs are maximizing at lower values of these concentrations (high concentration difference). One reason is the turbine expansion decreases with high LP. The second, a low vapor can be separated at low turbine and separator concentrations. With the specified variations in concentrations, the resulted plant, cycle and specific power outputs are 6-7.5%, 18-23%, and 450-675 kW, respectively. The decreasing trends of cycle efficiency with turbine concentration are matched with the literature [13, 14] plots. Figure 6 shows the effect of turbine inlet pressure (50-100 bar) and collector outlet temperature (250-600 ºC) on (a) solar plant efficiency -specific power and (b) Kalina cycle energy efficiencyspecific power. Under the specified limits of operating conditions, the plant results 5.2-6.6% of solar power plant efficiency, 13.5-21% cycle energy efficiency and 250-625 kW of specific power output. The maximum suitable heat recovery temperature for Kalina power cycle configuration is 600 ºC at the turbine inlet pressure of 100 bar. At increase in turbine inlet pressure the efficiencies and specific power are increased. A small increment in plant efficiency and a considerable increment in cycle efficiency have been observed from the results. The turbine work increases with a small change in pump work and results an increment in specific work. The results are plotted at constant turbine and separator concentrations. So, LP and IP are constants during changes in the above mentioned parameters. With a rise in collector outlet temperature, cycle efficiency and specific power increases. As per the Carnot law, the cycle thermal efficiency increases with an increase in source temperature. But the plant thermal efficiency increases and then decreases with the source temperature due to involvement of collector efficiency. At high source temperatures, there are more heat losses at the solar concentrating collector. So, up to 75 bar pressure, the plant efficiency maximizing at 400 ºC of supply temperature and at above this pressure, it maximizes at 500 ºC. The cycle efficiency is increasing continuously with an increase in the source temperature. 2 /kW to 13 m 2 /kW whereas the specific cost decreased from $ 5000 to $ 1700. Table 2 gives the results of the solar thermal power plant at the operating conditions stated in earlier sections. The rating of heat exchangers, power, efficiency and cost details are developed at the unit mass of the working fluid. These specifications are developed at the same conditions defined for tab. 1. Out of the three heat exchangers (HE 1 , HE 2 , and HE 3 ), the maximum heat load is observed at the HE 2 . The heat load in the boiler is calculated as the summation of heat loads in the economizer, evaporator and super-heater. The cycle efficiency and net work produced by this plant is higher than the steam Rankine cycle at the same operating conditions. Table 3 compares the present simulated results with the plant readings [13] . The current plant is solved with the working conditions of T 1 = 70 °C, x 13 = 0.70, P 13 = 100 bar and t cw,in = 15 °C. Most of the calculated results in this work closely match with the existing results. The strong solution concentration resulted as 0.44. The resulted low pressure is 2 bar. The temperature at the boiler inlet in the existing result is 39 ºC whereas the reported result is 53 ºC.
Conclusions
A solar thermal power plant having Kalina power system has been modelled and analyzed parametrically. The parameters considered for optimization are concentration difference, separator temperature, turbine inlet concentration, turbine inlet pressure, source temperature and solar radiation. The performance of the plant has been studied at the separator temperature of 60-100 ºC, turbine inlet concentration of 0.5-0.8, concentration difference of 4-20%, source temperature of 250-600 ºC and solar beam radiation of 400-800 W/m 2 . The maximum cycle energy efficiency obtained from the cycle is about 23.5%, solar plant efficiency is 7.5% and specific work is 675 kW. To understand the performance variations clearly, the changes in vapor fraction and LP are studied with the operational conditions. The maximum efficiencies and specific power are resulted at the minimum values of separator inlet concentration (0.3) and turbine inlet concentration (0.5). To get the maximum solar plant efficiency, an optimum source temperature to be selected suitable to turbine inlet pressure. The minimum collector cost can be obtained with high solar beam radiation and optimized cycle conditions. The thermodynamic model has been validated by comparing with the literature results [13, 14] . 
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